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Introduction
Marked ethnic disparities in infant mortality have been observed in many countries [1] [2] [3] [4] [5] [6] , including England and Wales [7, 8] and present a major public health challenge. In general the reasons why certain ethnic groups have higher infant mortality rates are not well understood [2, [9] [10] [11] [12] .
A number of individual risk factors for infant mortality are well established, including preterm birth, low birth weight, intrauterine growth restriction, and socioeconomic status [8, 10, [13] [14] [15] . Patterns of these risk factors have been shown to vary by ethnic group, and also within ethnic groups [16] [17] [18] . For example, in the UK, low birth weight is more common in South Asian groups, whereas preterm birth is more common in Black groups. Variation in these factors, together with other community-level factors such as access to care, have been suggested as potential reasons for ethnic differences in infant mortality [2, 4, 9, [19] [20] [21] .
Most previous analyses of ethnic variations in infant mortality in England and Wales have either used mother's country of birth or mother's/parents' ethnic group(s) rather than infant's ethnic group [22] [23] [24] [25] [26] . Additionally many studies have been conducted in small geographical regions that lack the ethnic diversity of the broader population of England and Wales [22, 23, [25] [26] [27] . Since 2005, national data on all births and infant deaths in England and Wales have been routinely linked to birth notification records which include data on infant's ethnic group and gestational age [28, 29] . Previous analysis of these national data for the years 2005 and 2006 using infant's ethnic group generally found higher infant mortality rates in South Asian and Black minority ethnic groups compared with the White British group [7, 8, 30] . However, these studies only covered a relatively short period of time [30] , reported only crude rates [7, 30] , or aggregated ethnic groups into larger groups (South Asian and Black) and hence did not provide information for smaller and more homogeneous ethnic groups [8] . Recent data are particularly important because of the upward trend in the number of births to women born outside the UK (27.5% of births in England and Wales in 2015 compared with 20.8% in 2005 and 12.6% in 1995) [31] and the changing patterns of migration. The number of births and deaths to infants in smaller ethnic groups is also now sufficiently large to have adequate power to analyze infant mortality subdivided into smaller minority ethnic groups.
The specific objectives of this study were (a) to describe ethnic variations in infant mortality in England and Wales; (b) to explore the individual and joint effects of infant's ethnic group, area deprivation and mother's country of birth, subdivided into UK and non-UK on infant mortality; and (c) to further explore the contribution of preterm birth to ethnic variations in infant mortality.
Methods

Study design, setting, data sources and study population
The study was based on a retrospective population-based cohort using routinely collected and linked national data on all singleton live births at gestational ages of 22 weeks and over in England and Wales from 2006 to 2012 inclusive.
Birth and death registration data are routinely collected and linked for all births and deaths in the first year of life in England and Wales. Since 2005, these data have been further linked with the National Health Service (NHS) number for babies (NN4B) electronic system. The NN4B system issues an NHS number to all births as soon as possible after birth and provides additional key birth details not collected at birth registration, such as gestational age at birth and the ethnic group of the infant [28, 29] . All data were fully anonymized before being made available to the study researchers. The study was approved by 'National Research Ethics Service (NRES) Committee South Central-Oxford B' (Research Ethics Committee reference number: 15/SC/0493).
We cleaned the data extract provided by Office for National Statistics (ONS) by removing records with implausible or missing values in gestational age and birth weight. We sequentially excluded (a) births with an implausible gestational age, i.e. equal to or more than 43 weeks; (b) births with a missing birth weight; (c) births with an implausible birth weight for gestational age, defined as birth weight more than twice the interquartile range above or below the median, based on sex-gestation-ethnic group-specific birth weight centiles of the study cohort.
Infant's ethnic group and other explanatory variables
The ethnic group data used for this study are the infant's ethnic group as reported in the NN4B birth notification system, guided by a 'pick list' with the ethnic categories used in the 2001 Census in England and Wales [16] . In practice it is unclear whether the ethnic group is the mother's or the baby's or whether it was reported by the mother or a health professional [16] . The approach used to develop the ethnic group categories used in the UK has been described elsewhere [32] . The categories used in this study are White British, Other White, three Asian or Asian British groups (Indian, Pakistani, and Bangladeshi), two Black or Black British groups (Black Caribbean and Black African), a 'Mixed/Other' group, which included all Mixed groups, Other Asian, Other Black, Chinese, and Other, and a 'Not stated' group, which consisted of infants whose ethnic group was not reported in the NN4B system. Details of the derivation of the ethnic group categories are given in S1 Table. The main explanatory variables included area deprivation score of the mother's area of residence (as measured by quintiles of the 2015 English Index of Multiple Deprivation (IMD) [33] and the 2014 Welsh IMD [34]), mother's country of birth (UK versus non-UK), sex of infant, infant's year of birth, age of mother in years (under 18, 18-19, 20-24, 25-29, 30-34, 35-39, 40 and over), marital status/registration type (married, joint registration/same address, joint registration/different address, sole registration), mother's country of residence (England versus Wales), gestational age in weeks (under 28, 28-31, 32-33, 34-36, 37-38, 39-41, 42) , and preterm birth (gestational age of 37 weeks or more versus gestational age of less than 37 weeks). The numerical variables we used, including infant's year of birth, age of mother, and gestational age, did not exhibit a linear association with infant mortality; therefore they were categorized in the analysis as mentioned above. For one of the sensitivity analyses, we also considered small for gestational age (SGA), defined as a birth weight below the 10 th percentile for gestational age and sex derived from our study population.
Outcome measures
The primary outcome was infant death, defined as death before one year of age following a live birth. Infant mortality rates were calculated as the number of infant deaths per 1,000 live births. In some analyses, we considered infant mortality by cause and used the ONS cause groups [35] . This is a hierarchical classification, based on the Wigglesworth classification system [36] which is designed to capture the underlying 'mechanism' which led to infant death. Infant deaths were classified into the following cause of death groups: 1. Congenital anomalies; 2. Antepartum infections; 3. Immaturity related conditions; 4. Asphyxia, anoxia, or trauma; 5. External conditions; 6. Infections; 7. Other specific conditions; 9. Sudden infant deaths; 0.
Other conditions.
Statistical analysis
Logistic regression models were used to explore the association between ethnic group and infant mortality. We adjusted all models for sex of infant and their year of birth to account for differences between sexes and temporal changes in infant mortality (models adjusted for these two variables only are referred to as the 'base model' hereafter). A series of sequential adjustments were made to explore the association between infant mortality and ethnic group, IMD quintile, and mother's country of birth, both individually and jointly (objective b). First, these three exposure variables were added individually to the base model without mutual adjustment to explore the unadjusted associations between ethnic group, IMD quintile, mother's country of birth and infant mortality (objective b). Second, we adjusted for all maternal sociodemographic characteristics, including IMD quintile, mother's country of birth, age of mother and marital status/registration type (referred to as 'model A'), to explore the joint effects of infant's ethnic group, area deprivation and mother's country of birth, taking account of other potential confounders (objective b). Finally, we additionally adjusted for gestational age (referred to as 'model B' or 'fully adjusted model' hereafter) to explore whether gestational age further explained ethnic variations in infant mortality (objective c). Because IMD scores are constructed differently in England and in Wales [37] , we adjusted for mother's country of residence (England versus Wales) in all models that included IMD. To further explore the joint effect of ethnic group, IMD and mother's country of birth, we tested the pairwise interaction between ethnic group and IMD, ethnic group and mother's country of birth, IMD and mother's country of birth, respectively using a Likelihood Ratio Test (LRT). We tested for an interaction between ethnic group and preterm birth using a LRT to further explore the contribution of preterm birth to ethnic variations in infant mortality.
We conducted a sensitivity analysis in which we additionally adjusted for SGA (referred to as 'model C' hereafter). Because infant mortality attributed to congenital anomalies is known to be higher in Pakistani infants [7] , a separate sensitivity analysis excluding congenital anomalies from infant deaths was conducted to see whether this explained the higher infant mortality rates in the Pakistani group.
All analyses were conducted in STATA version 13 (Stata Corporation, College Station, USA) [38] , with the White British group as the reference group. All p-values presented were two tailed and statistical significance was set at the 0.05 level, except for interaction tests where the statistical significance was set at the 0.01 level to allow for multiple testing.
Results
The linked dataset included 4,744,666 singleton live births at gestational ages of 22 weeks or more in England and Wales from 2006 to 2012. In total, we excluded 109,734 (2.3%) births, which included births with implausible gestational age (n = 16,695), missing birth weight (n = 20,999), or implausible sex-gestation-ethnic group-specific birth weight (n = 72,040). The study population therefore consisted of 4,634,932 singleton live born infants at gestational ages of 22 weeks or more and not more than 42 weeks. Among them, approximately 65% were White British, 10% were South Asian (including Indian, Pakistani and Bangladeshi), 7% were Other White, 5% were Black (including Black Caribbean and Black African), 4% were of the Mixed groups, and 2.5% were of other ethnic backgrounds. The ethnic group of around 6% of the study population was 'not stated'.
Characteristics of the mothers and infants
The characteristics of the mothers and the infants varied by ethnic group (Table 1) . Compared with White infants (White British and Other White), infants of other ethnic backgrounds were generally more likely to be born at lower gestational ages. Rates of very preterm birth were particularly high among infants of Black Caribbean and Black African origin. Around 50-60% of Pakistani, Bangladeshi, Black Caribbean and Black African infants were born to mothers living in the most deprived areas (IMD quintile 1) and around 80% were born to mothers living in the two most deprived areas (IMD quintiles 1 and 2 combined) while these proportions were around 23% and 44% respectively in White British infants. Only 4% of mothers of White British infants were born outside the UK, compared with 37% of mothers of Black Caribbean infants and 26% of mothers of infants whose ethnic group was 'not stated'. For infants of other ethnic groups, the majority of their mothers were born outside the UK, ranging from 60% of the Mixed/Other group to 93% of Black African infants.
Compared with parents of White British infants, parents of Other White and South Asian infants were more likely to be married or jointly registered as living at the same address while parents of Black Caribbean and Black African infants were less likely to be married or jointly registered as living at the same address.
Infant mortality by characteristics of the mothers and infants
In total, there were 15,001 infant deaths in the study population. The overall infant mortality rate was 3.24 per 1,000 live births in the whole study population and 2.87 in White British infants (Table 2) . Crude infant mortality rates generally decreased by year and varied by characteristics of the mothers and the infants. Infants of all minority ethnic groups, except Other White, had higher crude infant mortality rates than White British infants. Infant mortality was inversely associated with gestational age and the lowest rates were observed in infants born at gestational ages of 39-41 weeks (1.19 per 1,000 live births). Infant mortality rates showed a U shape association with age of mother, with those born to mothers under 20 years or 45 years or over having the highest mortality and those born to mothers aged 30-34 years having the lowest mortality. Infants born to mothers living in the least deprived areas and those born to mothers who were married or jointly registered as living at the same address with their partner had lower infant mortality rates while infants born to mothers who were born outside the UK had higher crude mortality rates. 
Cause of infant deaths by ethnic group
Individual and joint effects of ethnic group, area deprivation and mother's country of birth
Infants of all non-White ethnic groups had higher infant mortality rates compared with White British infants (ORs between 1.19-2.42) in the base model (adjusted only for infant's sex and year of birth) with Pakistani and Black Caribbean infants having the highest mortality ( Table 3 ). The lowest rate was observed in Other White infants (OR 0.87, 95%CI 0.81-0.93) in the base model. Both IMD and mother's country of birth were associated with infant mortality in the base model, with a decreasing trend towards IMD quintile 5 (least deprived) and infants of mothers born outside the UK having higher infant mortality rates in the base model. However, after further adjustment for age of mother, IMD quintile, mother's country of birth, and marital status/registration type, the infant mortality rate was significantly lower for infants of mothers born outside the UK compared with infants of mothers born in the UK (OR 0.92, 95%CI 0.88-0.97). The magnitude of the association between IMD and infant mortality decreased after adjustment but a decreasing gradient was still observed, i.e. lower rates in infants with mothers living in the less deprived areas. This multivariable adjustment changed the association between infant's ethnic group and infant mortality in different directions for In this fully adjusted model, IMD remained inversely associated with infant mortality although the effect was attenuated whereas mother's country of birth was no longer statistically significantly associated with infant mortality (Table 3 ). S3 Table shows the ORs for all covariates in the adjusted models.
We found no significant interactions (results not shown) between infant's ethnic group and mother's country of birth, between infant's ethnic group and IMD, or between IMD and mother's country of birth.
Term vs. preterm stratified analysis
There was a significant interaction between gestational age dichotomized into term and preterm and infant's ethnic group (LRT p<0.001). We therefore stratified the study population into term and preterm births to further investigate how the association between ethnic group and infant mortality differed between these groups (Table 4) . To account for any residual differences in gestational age distribution between the ethnic groups, we further adjusted for categorical gestational age within these strata (37- 
Sensitivity analyses
In term infants, additional adjustment for SGA (model C) further reduced the odds in all three South Asian groups compared with model B (OR 1.19, 95%CI 1.03-1.38 for Indian, OR 2.35, 95%CI 2.12-2.60 for Pakistani, OR 1.28, 95%CI 1.06-1.55 for Bangladeshi infants), but all three groups still had higher odds of infant death compared with the term White British (full results shown in Table 4 ). In preterm infants, further adjustment for SGA (model C) only slightly reduced the odds in Pakistani and Bangladeshi groups compared with model B.
In the sensitivity analysis of infant mortality from all causes other than congenital anomalies, the odds of death in Pakistani infants remained higher than in White British infants in both term (OR 1.93, 95%CI 1.66-2.25) and preterm infants (OR 1.38, 95%CI 1.20-1.58). Term Indian infants also still had higher odds of infant death from all causes other than congenital anomalies compared with term White British infants (complete results shown in S4 Table) .
Discussion
Main findings
There are marked ethnic differences in infant mortality rates for singleton live births in England and Wales. Crude infant mortality rates are highest in Pakistani, Black Caribbean, Black African, and, to a lesser extent Bangladeshi infants. Adjustment for maternal sociodemographic characteristics including area deprivation and mother's country of birth does not fundamentally change the pattern. Further adjustment for gestational age, however, significantly attenuates the risk of infant death in Black Caribbean and Black African infants but not in Pakistani, Bangladeshi, and Indian infants. The association between ethnic group and infant mortality differs significantly between term and preterm infants. In term infants, South Asian groups (Pakistani, Bangladeshi, and Indian) all have higher risks of death which are not explained by maternal sociodemographic characteristics. In preterm infants, adjustment for degree of prematurity fully explains the higher risks of infant death in preterm Black Caribbean and Black African infants compared with White British infants but not in preterm Pakistani and Bangladeshi infants, who have lower rates of very preterm birth. Additional adjustment for SGA appears to further explain some but not all of the residual excess risks in the South Asian groups. Furthermore, the higher rate of death due to congenital anomalies in Pakistani infants does not appear to explain all the excess risk of infant mortality in this group.
Strengths and weaknesses of the study
Major strengths of our study are that the large sample size has given us the power to study smaller more homogeneous ethnic subgroups rather than broad grouping such as 'South Asians'; and that we were able to study infant's ethnic group directly. Additionally the use of statutorily collected, linked birth and death registration data with cohort study design and low levels of missing data minimized potential biases such as selection bias, detection or observer bias and losses to follow-up, although we acknowledge that there may have been some losses to follow-up due to out migration.
The comprehensive national coverage of the study also means the findings reflect ethnic disparities in infant mortality across England and Wales. The generalizability of our findings to populations in countries other than England and Wales is likely to depend on the extent to which the ethnic groups are comparable to those in the UK and to other local factors such as disparities in access to healthcare.
Some misclassification of ethnic group seems possible, but it seems unlikely that this would have led to any systematic biases in our data except possibly in the mixed ethnic group where there is some limited data suggesting higher levels of misclassification [16] . This is a relatively small group which was not the focus of our study so any misclassification should have a minimal impact on our findings. Overall, ethnic group was not reported for 6.2% of records but this varied from 9.9% in 2006 through to 3.3% in 2012. We adjusted for infant's year of birth in all analyses so temporal changes should not affect our findings. Previous analysis has suggested that this group is largely White and the characteristics of this group are similar to those of the White British group [16] .
We lacked information on potentially important modifiable risk factors such as smoking, alcohol use, drug use, diet, and physical activity, maternal obesity, breastfeeding, and uptake of antenatal care.
The use of an area-based measure of deprivation (IMD) rather than an individual measure may be subject to the usual limitations of ecological summary measures [39] . However, IMD is available for all births and therefore was preferred over the National Statistics Socio-economic Classification, an individual socio-economic measure based on parents' occupations only available for a 10 percent sample of live births.
Comparison with previous studies and clinical implications
Previous studies and routinely published data for England and Wales from the 1980s onwards have generally found that South Asian, Black Caribbean and Black African infants tend to have higher infant mortality rates than White infants [7, 8, [22] [23] [24] [25] [26] [27] 30] . Although most of the studies reported mortality in the 1980s and the 1990s, our more recent findings are broadly consistent in that there are ethnic inequalities in infant mortality in England and Wales and the Pakistani and Black Caribbean infants continue to have the highest crude infant mortality rates.
An important, new finding of our study is that the factors that may explain relatively high infant mortality rates compared with the White British differ for Black and South Asian groups. Gestational age appears to explain almost all the elevated risks in the Black Caribbean and Black African infants but not in the South Asian groups. Higher rates of preterm birth, especially moderately preterm and very preterm birth in the Black groups have been well documented in England and Wales, in other high-income countries and worldwide [16, 17, [40] [41] [42] . Various causes of this excess in the Black groups have been suggested including an increased susceptibility to genital tract infections [41, 43] , which have been found to be more prevalent in Black women in the UK and elsewhere [41, 44, 45] . We found a larger proportion of infants born at very low gestational ages in the Black Caribbean and Black African groups in our cohort. The role of preterm birth is further supported by our analysis of cause of death which demonstrated a higher rate of infant deaths attributed to 'immaturity related conditions' in the Black Caribbean and Black African groups, consistent with previous national studies from England and Wales [7, 24] and findings from the USA relating to Black American infants [19] . As Black Caribbean and Black American women are predominantly descended from people from West Africa, the possibility of a genetic component cannot be ignored. Other studies have also suggested that genetics might be an important factor that can partially explain ethnic disparities in infant mortality [2, 12, 46, 47] . In this study, we did not disaggregate the Black African groups. A study of low birth weight in Black Caribbean and Black African infants, showed that when the Black African group was disaggregated by mother's country of birth grouped into United Nation population regions, infants of mothers born in West Africa and Middle Africa but not those born in other parts of Africa have higher rates of preterm and very preterm birth than infants of mothers born in the UK [18] .
The other novel finding of our study, the identification of an interaction between preterm birth and ethnic group has further demonstrated the importance of gestational age in the association between ethnic group and infant mortality, especially in explaining higher infant mortality in the Black groups. Further adjustment for degree of prematurity only appeared to explain the higher risks in preterm Black infants. This is broadly consistent with studies that show Black infants have similar or even lower gestational age-specific perinatal or infant mortality rates compared with the White infants only at very low gestational ages but not thereafter [23, [48] [49] [50] possibly because of earlier fetal maturity [49, 51] .
On the other hand, neither preterm birth nor area deprivation, together with other maternal sociodemographic characteristics, explained the increased risks observed in the South Asian groups, in particular the Pakistani group. International studies also show that Pakistani infants have one of the highest infant mortality rates in other host countries [5, 6] . Congenital anomalies are the most common cause of death amongst Pakistani infants [7, 22] , and risk of infant deaths due to 'congenital anomalies' was higher in the Pakistani group than other ethnic groups in our analysis. Consanguinity is more prevalent than in other ethnic groups [52] and differences appears to exist in provision or uptake of antenatal screening and prenatal diagnostic testing [53] and attitudes towards termination [54, 55] . However, sensitivity analysis from our study showed that even when we excluded all deaths where the recorded cause of death was congenital anomaly, Pakistani infants still had a higher rate of infant death than White British infants.
Our study only looked at live births, but the finding of a higher risk of infant mortality in South Asian infants, whether term or preterm, is consistent with the patterns found by Balchin and colleagues that perinatal mortality rate (stillbirths plus early neonatal deaths per 1,000 births) was highest in infants of South Asian women at all gestational ages [56] . They also found that the increase in gestational age-specific perinatal mortality from term onwards was earliest and steepest in South Asian women, which may explain our findings that the risks of infant death at term were particularly high in South Asian groups.
Our exploratory analyses adjusting for SGA using cut-offs derived from our own population suggested that differences in SGA or birth weight between ethnic groups might explain some but not all of the residual excess risks in South Asian groups. Low birth weight is an established risk factor for infant mortality [57] but further research is needed to determine the most appropriate methods to identify pathologically small infants at risk of adverse outcomes in ethnically diverse populations.
Although the association between ethnic group and infant mortality in all the three South Asian groups changed in similar ways when adjusted for maternal sociodemographic characteristics and gestational age, there were still differences in infant mortality rates between the three groups, with Pakistani infants having particularly high risks and Indian and Bangladeshi infants having relatively lower and similar risks. Our data showed that fewer Indian than Pakistani and Bangladeshi infants had mothers living in deprived areas, however, this does not explain the much higher risks in Pakistani infants compared with Bangladeshi infants, nor the relatively small differences between Indian and Bangladeshi infants.
Various explanations have been proposed and discussed elsewhere which might explain the differences that we observed between South Asian groups, including genetics, health-related behavior and access to healthcare [12] , but we lacked data to investigate these further.
Implications for policy and practice
The identification of differing underlying factors for increased risks in mortality in South Asian and Black infants suggests that different prevention strategies may be required for these groups. The findings that gestational age, particularly more extreme preterm birth, appears to explain the increased risks in preterm Black infants, suggest a need for strategies to ensure that Black mothers have access to services for the prevention and management of preterm birth and for the conditions leading to iatrogenic preterm delivery. For South Asian groups, strategies targeting preventable risk factors for congenital anomalies and also ensuring access to antenatal screening for at risk groups, together with intervention strategies aimed at optimizing birth weight, may reduce some of the excess mortality, but further research is required to better understand other potentially preventable causes of excess mortality in these groups.
Conclusions
In conclusion, South Asian and Black infants have higher infant mortality rates compared with White British infants which are not wholly explained by area deprivation, mother's country of birth or other maternal characteristics. A higher proportion of infants born at lower gestational ages appears to explain the increased risks in preterm Black Caribbean and Black African infants but not in the South Asian groups. An increased risk of infant mortality due to congenital anomalies explains some but not all of the excess risk of infant mortality in South Asian, particularly Pakistani infants.
Our findings suggest that further research is needed into the causes of preterm birth in Black Caribbean and Black African mothers with the aim of developing strategies for the prevention and management of preterm birth and the causes of iatrogenic preterm delivery in these mothers and their infants. Excess risks in each of the three South Asian groups and the differences between these groups require further investigation, but strategies targeting suboptimal birth weight and modifiable risk factors for congenital anomalies in South Asian groups would be merited. 
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